INTRODUCTION H
+ V-ATPases energize biomembranes by imposing a transmembrane H + (proton) "electrochemical" potential gradient, consisting of a voltage component (A^) and a concentration component {ca. 60 mV X ApH) (Ohsumi and Anraku, 1981) . Either the voltage component (inside usually negative), the proton concentration difference (inside usually alkaline), or any combination of the two gradients, could drive ion move.nents or fluid flow. In transporting epithelia two types of biomembranes are involved, endomembranes (hence the term vacuolar or V-ATPases) and plasma membranes. In most endomembranes the H + VATPase is accompanied by a Cl~ channel that allows Cl~ to follow the pumped H + and the vacuole becomes acidic. In plasma membranes the results of proton pumping can be diverse; to illustrate the diversity we will discuss four different processes that are 1 Thermal and Hydric Environment: Molecular, Organismal, and Evolutionary Approaches presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 26-30 December 1996 , at Albuquerque, New Mexico.
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2 E-mail: wharvey@whitney.ufi.edu energized by primary proton transportNa + and Cl" absorption by the frog skin, K + secretion by the caterpillar midgut, fluid secretion by insect Malpighian tubules, and fluid absorption by insect ovarian follicle cells. Thus, a wide variety of osmotic work can be performed by H + V-ATPase energized plasma membranes, just as a wide variety of electrical work can be performed by the energized electrical circuits in a modern household.
We have proposed that plasma membrane energization of animal epithelial cells includes not only the classical Na + /K + PATPase on the basolateral membrane but also the novel, H + V-ATPase on the apical membrane ( Fig. 1 ). In the classical view, the sodium pump energizes the basolateral membrane by imposing a Na + activity gradient (inside low), a K + activity gradient (inside high) and a voltage gradient (inside negative). In the expanded view, a proton pump energizes the apical membrane by imposing a voltage gradient (inside negative). In some epithelia an apical Cl~ channel is present as well, HC1 is secreted, and the apical extracellular space becomes acidic. In other epithelia, the H + V-ATPase is accompanied by ion specific channels or transporters that catalyze ion movements which lead to diverse results, such as fluid secretion or absorption, acidification or alkalinization of the apical extracellular compartment, secretion or absorption of ions or metabolites, and other activities. Some epithelia, e.g. the mammalian small intestine, contain only the basolateral Na + /K + pump, other epithelia, e.g. the caterpillar midgut, contain only the apical H + pump, and yet other epithelia, e.g. the frog skin, contain both pumps.
A great deal is known about the physiology of fluid secretion in insect Malpighian tubules, salivary glands, and labial glands. Exciting new information is becoming available about fluid absorption by insect ovarian follicle cells. It is likely that these processes are energized by plasma membrane H + V-ATPases. V-ATPases also play a role in the absorption of Cl~; thus, fluorescent antibodies to V-ATPase subunits label the apical membrane of locust hindgut and there is a 33% inhibition of acid secretion by 1 JJLM bafilomycin (review, Phillips et al, 1996) . These authors conclude that the evidence for and against secondary H + : Cl~ symport driven by a primary H + VATPase is mixed and point out that primary Cl~ transport remains an alternative possibility. However, except for the recent work of Dow et al. (1994 Dow et al. ( , 1995 on Drosophila Malpighian tubules, little biochemical and molecular information is available about the H + V-ATPase in the plasma membrane of these organs. On the other hand a great deal is known about the enzyme in cation transporting cells of the lepidopteran midgut and in other proton-energized cells. The midgut enzyme has been isolated, purified and characterized, the major subunits have been cloned and sequenced, and some aspects of its regulation are known. Even more is known about endomembrane H + V-ATPases in yeast and other cells. So we will start with a summary of the structure, function and regulation of H + V-ATPases.
PROPERTIES OF H + V-ATPASES
Subunit structure Eukaryotic V-ATPases are ancient enzymes that are present in endomembranes of all organisms from yeast and plants to insects and mammals, and in plasma membranes of many cells throughout the animal kingdom. Despite their long evolutionary history, the molecular structure of H + VATPases is remarkably constant-they are all heteromultimeric proteins consisting of a catalytic, peripheral V, complex with a molecular mass of ca. 500 kDa and a proton-conducting, membrane-bound V o complex with a molecular mass of ca. 150-250 kDa ( Fig. 2 ; reviews, Forgac, 1992; Merzendorfer et al., 1997) . The V, complex in mammalian chromaffin granules consists of at least five different subunits (Arai et al., 1988) ; A (ca. 70 kDa), B (ca. 57 kDa), C (ca. 44 kDa), D (ca. 30 kDa), and E (ca. 26 kDa). The subunit stoichiometry in mammalian clathrin coated vesicles is A3B3CDE. A 14 kDa subunit F (Graf et al., 1994; Graham et al., 1994; Nelson et al., 1994 and a 13 kDa subunit G (Supekova et al., 1995; Lepier et al., 1996) were originally cloned from insects and yeast; they also appear to be ubiquitous V-ATPase subunits because they occur in such distantly related organisms and because they have subsequently been found in V-ATPases from other sources. Subunits A and B serve catalytic and regulatory functions, respectively, whereas subunits C-G may be involved in energy transduction and stabilization of the V,V 0 holoenzyme structure.
Proton conduction by the V-ATPase is performed by the major V o subunit, the dicyclohexylcarbodiimide-binding, 16-17 kDa, proteolipid, subunit c. The proteolipid occurs in six copies per holoenzyme and is remarkably conserved among V-ATPases from different sources. The V o complex of mammalian clathrin coated vesicles contains single copies of at least two additional subunits with molecular masses of ca. 40 kDa (M40) and ca. 100 kDa (M100) (Arai et al, 1988) . Although subunit M40 seems to be universal, subunit M100 appears to be restricted to H + V-ATPases of endomembranes and has not been found yet in plasma membrane enzymes.
Regulation of H + V-ATPases
Their complex architecture, their multiple cellular locations, and their diverse bi- ological functions all imply that V-ATPases present a prominent target for regulatory mechanisms. Indeed, they appear to be regulated at several levels (review, Merzendorfer et al., 1997) -including direct or indirect activation or inhibition by effector molecules, redox regulation by critical cysteine residues, differential sorting to target membranes, and the reversible dissociation of the V, V o holoenzyme. Moreover, the biosynthesis of V-ATPases may also be regulated at the transcriptional or posttranscriptional levels.
The activity of V-ATPases is regulated by a variety of intracellular and extracellular effectors (review, Merzendorfer et al., 1997) . The list includes cytosolic activator proteins and inhibitor proteins from mammalian brain and kidney as well as extracellular signal molecules such as phorbol esters which stimulate V-ATPase activity in human neutrophils. Other regulators include the activator, aldosterone, and the inactivator, angiotensin II, in the collecting duct of rat kidney and secretin, which induces the activation of the V-ATPase in both intrahepatic bile ductules and pancreatic ductules of pigs. Forgac (1992, 1994) have proposed that reversible oxidation of sufhydryl groups may be important in regulating VATPase activity. Under oxidizing conditions, a cysteine residue in the nucleotide binding region of catalytic subunit A forms a disulfide bond with one of two spatially nearby cysteine residues and inactivates the ATPase. These residues are absent in the homologous (J-subunit of F-ATP synthases, allowing them to function under oxidizing conditions. The removal of the three conserved cysteines by site-directed mutagenesis influences the catalytic activity of the yeast V, subunit A (Taiz et al., 1994) . Moreover, the redox state of three conserved cysteine residues in the V o subunit M40 has been assumed to influence the sta-bility of the Neurospora holoenzyme (Melnik and Bowman, 1996) . H + V-ATPases that are located in the highly reducing, intracellular environment, where free sulfhydryl groups would be present rather than disulfide bridges, would be expected to be active, constitutively.
On the other hand, plasma membrane VATPases often occur in the apical membranes of epithelial cells that face an oxidizing (inactivating) extracellular environment. However, most of these cells are rich in mitochondria, especially toward their apical poles. Thus, in anterior caterpillar midgut, a long mitochondrion fills each apical projection, leaving a space of ~10 nm between mitochondrial outer membrane and plasma membrane (Cioffi, 1979 ). An extreme example occurs in the Malpighian tubules of the blood-sucking bug, Rhodnius prolixus, where a hormonally stimulated increase in cation transport across the apical membrane is correlated with the invasion of mitochondria into the apical microvilli of the cells (Bradley and Satir, 1981) . Harvey and Wieczorek (1997) speculate, in these cases and perhaps in general, that the high oxygen affinity of cytochrome oxidase within the densely-packed mitochondria allows the oxygen concentration to drop to a low level, producing a reducing environment in which electron transport and ATP production can continue via the F-ATP synthase while free -SH groups on subunit A allow proton transport to proceed via the VATPase. Indeed, Jones (1986) has discussed gradients of O 2 in hepatocytes and other cell types.
Differential sorting to target membranes is a further means of V-ATPase control. Thus, sorting of V-ATPase-containing vesicles has been reported in the collecting duct of the mammalian kidney and in the homologous urinary bladder of the turtle (review, Gluck and Nelson, 1992) . In these organs, V-ATPase-containing vesicles fuse with the plasma membrane at either the apical or the basal pole of the cells, depending upon metabolic conditions, thus enabling the secretion of either protons or bicarbonate (Brown et al., 1992) . Again, subunit isoforms may be sorted differentially; thus in carrot V-ATPase one isoform of subunit A is sorted to the tonoplast whereas another isoform is bound to membranes of the Golgi complex (Gogarten et al., 1992) . Finally, specific adaptor proteins are present in the membrane of mammalian clathrin coated vesicles, where they are thought to function as specific recognition and docking sites for the assembly of the holoenzyme (Myers and Forgac, 1993) .
Sorting between endomembranes and plasma membranes occurs against a background of membrane cycling between these two locations. For example, complete cycling of the two membranes occurs each minute in insect ovarian follicle cells, prompting Telfer et al. (1982) to propose that proteins of endocytotic membranes and plasma membranes are constantly interchanging. The possibility that V-ATPases cycle between plasma membranes and endomembranes in all cells that undergo endocytosis/exocytosis cycles merits further study because it implies that the plasma membranes of virtually all animal cells contain V-ATPases, although they might be inactive under the oxidizing conditions of many plasma membranes .
Reversible dissociation of the V,V 0 holoenzyme is yet another control mechanism which may be a general phenomenon, since it has been observed in two distantly related organisms, the tobacco hornworm, Manduca sexta, and the yeast, Saccharomyces cerevisiae. In the tobacco hornworm a decrease in active ion transport during moult parallels a decrease in V-ATPase activity and in ATP-dependent proton transport in the apical membranes of midgut goblet cells (Sumner et al., 1995) . This decrease is due to dissociation of the peripheral V, complex from the membrane V o complex and a subsequent increase is due to reassociation of the two components . Protein biosynthesis appears not to be necessary for the reassociation since the translational inhibitor, cycloheximid, does not interfere with the reassembly process (Jager and Klein, 1996) . Instead V, complexes appear to be recruited from a cytosolic V, pool. Reversible dissociation of the V,V 0 holoenzyme has also been observed during starvation, indicating that the at Pennsylvania State University on February 22, 2013 http://icb.oxfordjournals.org/ Downloaded from disassembly is a response to a drop in energy utilization by ion transport processes such as the active resorption of amino acids from the lumen of the midgut. Indeed, amino acid:K + symport by brush border membrane vesicles from moulting or starved larvae is markedly lower than it is in those from feeding larvae (R. Parthasarathy and W. R. Harvey, unpublished results). Moreover, the dissociation does not occur in Malpighian tubules (M. Huss., T. Dietlein, and H. Wieczorek, unpublished results) which remain active during moult or starvation. In yeast, metabolite-dependent reversible r'issociation of the V,V 0 holoenzyme has also been detected (Kane, 1995) . If glucose is omitted from the culture medium, the V, complex dissociates from the V o complex within a period as short as five minutes. After restoration of glucose, rapid reassembly of the V,V 0 holoenzyme is observed, probably due to a drop in intracellular pH (Kane, 1995) .
Finally, the biosynthesis of V-ATPases may be regulated both by transcriptional and posttranscriptional mechanisms. At present there is no direct proof of regulation of V-ATPase expression, although concordant indirect evidence is available from several sources. Special elements in the promoters of genes encoding subunits of mammalian and insect V-ATPases favor the hypothesis that transcription is regulated. Thus, the promoter for the insect subunit B gene contains an ecdysone-responsive element that hints at control by this steroid hormone (Merzendorfer et al., 1997) . Evidence for post-transcriptional regulation includes mRNAs for several subunits of insect V-ATPases that contain alternative polyadenylation sites in their 3' untranslated regions, suggesting tissue specific or developmentally regulated expression of these subunits (Merzendorfer et al., 1997) . Again, the production of antisense transcripts suggests posttranscriptional regulation. Thus cloning and sequencing of cDNAs encoding the insect V o subunit M40 led to the discovery of a complementary, polyadenylated antisense cDNA (H. Merzendorfer, W. R. Harvey and H. Wieczorek, unpublished results) . Regulation of gene expression by antisense RNA is common in prokaryotes, but examples are rare in eukaryotes. Although the mechanisms of regulation by antisense transcripts in eukaryotes are unknown, it is tempting to speculate that the double-stranded RNA, that is produced by hybridization of sense mRNA with its antisense counterpart, is a target for specific ds-RNAses.
Two PUMP MODEL FOR NA + AND CL" ABSORPTION BY AMPHIBIAN SKIN In the frog skin, both Na + pump and H + pump are present in what may be called the "default" condition, i.e., certain cells in the skin epithelium contain a basolateral NaV K + P-ATPase in series with an apical H + VATPase (Fig. 3) . The latter enzyme is localized in the apical plasma membrane of "mitochondria rich" cells where it translocates protons, electrogenically, from cell to surrounding pond water. The resulting A^ of 50 mV drives Na + from Na + -poor pond water into both mitochondriarich cells and adjacent principal cells through Na + channels in the apical membranes (B. J. Harvey, 1992) . In toad skin Cl" follows Na + into the cells via an apical C1~/HCO 3~ antiporter that is also energized by the V-ATPase (Jensen et al., 1997) . Na + leaves the cells basolaterally via the wellknown Na + pump (Koefoed-Johnsen and Ussing, 1958); presumably, Cl" follows via a channel. Thus, the two pumps in series energize Na + , Cl absorption, (e.g., Ehrenfeld and Klein 1997) . Acid equivalents enter the pond as the strong, alkali metal cation, Na + , is replaced by the weak cation H + ; nevertheless, cellular pH homeostasis is maintained.
Now that the vital role of the apical H + V-ATPase for Na + and Cl" absorption by the frog skin is clear, a similar role for this enzyme in Na + uptake of other fresh water organisms might be expected. A short review of the "basolateral Na + energization dogma" may explain why it has persisted so long with the frog skin and remove its inhibitory effects on research with these other organisms. After August Krogh (1937 Krogh ( , 1938 demonstrated that frogs, like most freshwater animals, absorb Na + and Cl~ through their skin from dilute pond water, Ussing and Zerahn (1951) showed that the short-circuit current was carried by Na + . Koefoed-Johnsen and Ussing (1958) then explained the transepithelial voltage in terms of mucosal Na + and serosal K + diffusion potentials arranged in series, Na + leaving the cells via the basolateral Na + /K + -ATPase. This hypothesis that the apical membrane could be energized by removing Na + via the basolateral membrane received enormous support from Robert Crane's (1965) use of it to explain glucose uptake by the intestine. So long as one considered organisms with high Na + on the apical extracellular side the dogma prevailed. But it could not explain how frogs, which live on land and fresh water, where they are never exposed to high Na + concentrations, can absorb this ion.
The mystery was solved by Garcia-Romeu et al. (1969) , Ehrenfeld and GarciaRomeu (1977 ), and associates (1985 , 1989 , who showed that Na + absorption is coupled to H + secretion and that Na + absorption by frogs living in ponds is mediated by an H + V-ATPase. The strongest evidence for this view is that proton secretion is inhibited by bafilomycin, the highly specific V-ATPase inhibitor (Bowman et al., 1988) . The proton pump potential makes the cells negative with respect to the "pond side" and drives Na + entry against the unfavorable Na + chemical gradient. Entry occurs via amiloride-sensitive Na + channels that have been localized on the apical membranes of both granular cells and mitochondria-rich cells (Harvey, 1992; Ehrenfeld et al., 1990) . In toad skin the negative apical potential also drives absorption of Cl" by an electrophoretic C1"/HCO3" antiporter (Jensen et al., 1997) . Brown and Breton (1996) review evidence that both the H + V-ATPase and Cl"/ HCO3" antiporter are located on the apical membrane of mitochondria-rich cells in these amphibian epithelia. Combining results from toad and frog skins, it appears that Na + and Cl" influx into amphibian epithelia is energized by the apical H + V-ATPase, just as its efflux into the blood is energized by the basal Na + /K + P-ATPase (Fig.  3) .
The original, Na + -centered frog skin model had an enormous influence on medical physiology with its powerful explanation of how Na + is absorbed in renal cells and how Na + uptake drives glucose and amino acid uptake in intestinal cells. Likewise, the two ATP-linked ion pumps in series may exert a great deal of influence on future studies of Na + and Cl" uptake by the vast array of fresh water animals. The caterpillar midgut represents an extreme case in which the basal sodium pump is not detectable and the ApH component of the proton-motive force generated by the apical proton pump is oriented with the output side alkaline; the proton pump produces a transapical A^ of ca. 240 mV (Fig. 4) . Nearly fifteen years ago the insect K + pump-containing membrane was isolated (Harvey et al., 1983; Cioffi and Wolfersberger, 1983 ) and shortly thereafter the ATPase was solubilized and shown to be an H + V-ATPase (Schweikl et al., 1989) . However, the midgut lumen is alkalinized rather than acidified (Dow, 1984) . Wieczorek et al., (1991) explained the alkalinization by identifying a K + /nH + antiporter in the apical membrane. The antiporter requires two H + to drive the exchange of each K + (Azuma et al., 1995) . A cryptic Cl" channel in the apical membrane was also identified when membrane vesicles were studied in high [Cl ] solutions; the vesicles were acid- ified as H + was pumped into them electrogenically and Cl" followed passively through the channels (Wieczorek et al., 1989) . The Cl" channels must be closed in vivo to account for the alkalinity of the trans side of the apical membrane. By this hypothesis the molecular basis for the well known insect K + pump is an H + V-ATPase in parallel with an C + /nH + antiporter (Wieczorek et al., 1991) . This hypothesis was widely accepted almost immediately and revolutionized the field of insect ion transport. For example, the old observation that the large A^ generated by the K + pump drives amino acid absorption by amino acid:K + symport (review, Giordanna and Parenti 1992) is restated by saying that the A^ generated by the H + V-ATPase drives both K + /nH + antiport and amino acid:K + symport. A cDNA encoding a caterpillar, neutral amino acid:K + , symporter has recently been cloned in Xenopus oocytes (M. Castagna, C. Shayakul, D. Trotti, W. R. Harvey and M. Hediger, unpublished data).
Other aspects of the energized apical membrane are now being analyzed at the molecular level and attempts to explain how AM' alone can drive the symport are underway.
The finding that the primary component of the insect K + pump is an H + V-ATPase means that the vast literature characterizing H + V-ATPases-from yeast vacuoles to mammalian endomembranes-is relevant to insect cellular and epithelial plasma membrane transport physiology. Antibodies to the insect enzyme and probes constructed from its cDNAs have aided research with mammalian and plant enzymes and vice versa. Today, the insect H + V-ATPase arguably stands with the vertebrate kidney H + V-ATPase as the two best characterized plasma membrane forms of this enzyme .
H + V-ATPASE AND FLUID SECRETION BY INSECT MALPIGHIAN TUBULES
Insect Malpighian tubules probably hold the world's record for rapidity of fluid transport. When stimulated, cells in tubules from Drosophila can secrete fluid at a rate that is equivalent to their own volume every 10 c (Dow et al., 1994) and if water channels are restricted to a subset of tubular cells then water equal to the cell volume must pass through those cells every 1 c, driven by the apical H + VATPase. Malpighian tubules are one-cellthick epithelia, whose principal function is to transport an iso-osmotic primary excretory fluid into the lumen. Haemolymph solutes are added to the fluid, either by diffusion through permeable cell-cell junctions or by a series of specific secondary, active transport systems (Maddrell and O'Donnell, 1992) .
Malpighian tubules were perhaps the first organ in which (what was later found to be) H + V-ATPase activity was detected. Thus in 1953 Ramsay reported active K + transport in these kidney analogues; Maddrell and associates showed that this transport was mediated by the so-called "common ion pump" (reviews, Maddrell, 1978; Maddrell and O'Donnell, 1992) Maddrell and O'Donnell, 1992) .
Na
+ /H + antiporter (Fig. 5) . The "common ion pump" is probably identical with the so-called "alkali metal ion pump" or "K + pump" of Lepidopteran midgut, discussed above. As a result of this transport activity either K + or Na + is transferred to the lumen from the cell. The ratio of K + to Na + in the secreted fluid depends upon the cation entry step at the basolateral cell membrane, which in turn depends on the ion selectivity of channels or transporters that a particular insect possesses and on the state of stimulation of the tubule. Insects vary greatly in this respect; some tubules produce a KC1 fluid with little Na + , others produce a NaCl fluid with very little K + , and still others produce a fluid with similar levels of Na + and K + . Chloride ions cross the basolateral membrane either through Cl~ channels or by a bumetanide-sensitive K + :Na + :2Cl~ symporter (cotransporter) (Fig. 5) . When Clẽ nters the cells via channels it moves down a chemical concentration gradient that is sufficient to overcome the negative transbasolateral voltage gradient and it moves into the lumen down a favorable voltage gradient that is sufficient to overcome the adverse concentration gradient. When Clẽ nters the cells via symport with Na + it can move against its electrochemical potential difference because its movement is coupled to that of Na + , which enters down its highly favorable electrochemical potential difference. For example, in Rhodnius the transepithelial potential difference is nearly always negative (O'Donnell and Maddrell, 1984) so that the movement of Cl~ into the lumen is thermodynamically uphill, but it is driven by the downhill entry of Na + into the cell. In Drosophila, Cl" and water may cross the tubule wall by a parallel route through a second set of cells, the stellate cells (O'Donnell et al., 1996) . Water accompanies transepithelial movements of ions, possibly by osmosis, although other ways of coupling between ion and water movements cannot be ruled out (Maddrell and O'Donnell, 1992) . A novel prospect is that water might move into the cells via the K + :Na + :2Cl" symporter, by analogy with the water symport proposed by Loo et al., (1996) for the Na + : glucose symporter. The composition of the fluid secreted by Malpighian tubules depends upon the state of stimulation. Fluid secretion appears to be regulated by a range of hormones, both stimulatory and inhibitory (e.g., Spring, 1990; Davies et al., 1995) , both amine and neuropeptide hormones being candidates (Maddrell et al., 1993) . In Rhodnius, unstimulated tubules slowly secrete a fluid rich in K + and Cl~ but when stimulated by 5-hydroxytryptamine and/or the neuropeptide diuretic hormone, the Cl~ rich fluid contains mostly Na + , although substantial K + is present (Maddrell and Overton, 1988) . The hormones may affect any or all of the separate transport activities within the tubule cells. For example, in Drosophila, there are separate control mechanisms for cation and anion transport, with the result that the trans-epithelial voltage depends critically upon the stimulant to which the tubules are exposed (O'Donnell et al., 1996) .
Although secretion of ions by insect Malpighian tubules thus appears to be energized by bafilomycin-sensitive H + V-ATPases and amiloride-sensitive Na + /H + or KV H + antiporters, Haley and O'Donnell (1997) suggest that reabsorption of ions involves a Ba 2+ -sensitive K + channel and an omeprazole-sensitive H*/K* P-ATPase, The mechanisms underlying fluid secretion by insect salivary glands have been little studied since the role of inositol triphosphate was elucidated, in part, from work on blowfly glands (Berridge and Irvine, 1984) . Earlier, Prince and Berridge (1972) had analysed fluid secretion in rapidly secreting salivary glands of the adult blowfly, Calliphora erythrocephala and developed a model in which a cAMP-stimulated apical cation pump actively transported K + into the lumen. Cl~ channels, whose gating was regulated by 5-HT, allowed this anion to accompany the K + . Water was thought to follow these ions by osmosis. Since the cytoplasmic side of the K + secreting apical membranes in salivary glands are studded with 9 nm (V,) particles, it is likely that, just as in many insect Malpighian tubules and in caterpillar midgut, K + transport is driven by an H + V-ATPase and K + /H + antiporter. Ironically Berridge's discovery-that inositol trisphosphate is a second messenger which elevates Ca 2+ levels, leading to increased Cl~ permeabilityevoked such widespread interest that salivary glands per se have largely been ignored ever since. Nevertheless, they would be favorable subjects in which to study the role of cAMP and inositol trisphosphate in regulating H + V-ATPase activity. Work on Malpighian tubules provides evidence against the proposal by Kiippers and Bunse (1996) that insects possess a novel, K + transporting, V-ATPase, rather than a conventional H + V-ATPase acting in parallel with a cation/H + antiporter. These authors argue that the insect V-ATPase may retain its preference for H + ions but be modified to accept K + or Na + as well. They point out that most cells have levels of K + or Na + that are a million times higher than those of H + . Consequently, a V-ATPase that could accept these alkali metal ions, even at low affinity, might be able to transport them, eliminating the need to evoke an antiporter. However, treatment of Rhodnius Malpighian tubules with amiloride, an inhibitor of Na + /H + antiporters (Kleyman and Cragoe, 1988) and the midgut K + /2H + antiporter (Wieczorek et al., 1991) , caused both a strong depression of fluid secretion and a significant acidification of the secreted fluid (Maddrell and O'Donnell, 1992) . The simplest explanation of these results is that an antiporter is present and that its inhibition slows the transfer of Na + , K + and fluid into the lumen. If the H + V-ATPase remains active and a Cl~ channel is present, the net effect would be the secretion of H + and Cl~, which would acidify the secreted fluid. Isolating and/or cloning the antiporter would provide tools for its direct investigation in the apical membranes of other fluid-transporting epithelia.
FLUID ABSORPTION BY LEPIDOPTERAN OVARIAN FOLLICLES
Stimulated lepidopteran ovarian follicles present a novel type of membrane energization by an H + V-ATPase because they absorb fluids rather than secreting them. After completing protein yolk deposition, follicles of Hyalophora cecropia spend several hours accumulating water (Telfer and Anderson, 1968) . Hydration generates a 50% increase in cell volume and is one of the adaptations that allow eggs to survive the dehydrating conditions on leaf surfaces (Fig. 6) . The transition from protein-to water-uptake occurs spontaneously in vivo but it can be evoked in young follicles in vivo by incubation in membrane-permeant analogs of cAMP (Wang and Telfer, 1996) , providing a convenient method for studying the ionic basis of the fluid uptake. Two hours after exposure to cyclic nucleotide, follicle cell volume has increased ca. 50% and the oocyte has also begun to swell (Wang and Telfer, 1997) . The transition is studied in whole follicles to avoid possible damage to extracellular domains of membrane proteins that might occur if follicular epithelia were separated from oocyes with proteases. However, follicles are physiologically coupled to oocytes by gap junctions (Woodruff, 1979; Woodruff and Telfer, 1990 ) and effects of cAMP in one compartment are quickly reflected by parallel effects in the other one. K + is implicated in the osmotic swelling process because loading with the K + surrogate, 86 Rb + , is greatly enhanced in follicles that have been exposed for two or more hours to a permeant cAMP analog that activates protein kinase (PKA) (Y. Wang and W. H. Telfer, unpublished results) . Parallel experiments with 36 C1~, however, yield very different results (Wang, 1996) . On the one hand, activation of PKA does not affect the equilibrium level of labeled chloride within the follicle, suggesting that some anion, other than Cl~, must neutralize the extra K + that is taken up. On the other hand, the following observations suggest that Cl~ is essential for osmotic swelling (Fig. 7) .
Early steps in the response to cAMP, before accelerated K + uptake has commenced, include two membrane changes-an increase in conductance and hyperpolarization. The change in conductance has been attributed to Cl" movement (Wang, 1996) : short-term loading and unloading of 36 C1w ere both accelerated by cAMP, even though, as noted above, the final equilibrium content of 36 C1~ did not change. In addition, the conductance change was not detected when Cl in the medium was replaced by either sulfate or gluconate. Moreover, the change in conductance is essential for other steps in the response to cAMP; thus Cl" exchange, hyper-polarization, and swelling could all be inhibited with the Clc hannel blocker, anthracene-9-carboxylic acid (9-AC).
The second early response, hyperpolarization, is transitory: the membrane voltage (A^), measured between the ooplasm and the incubation medium, reached a peak at about 133% of control within one hour and returned to control levels by two hours (Y. Wang and W. H. Telfer, unpublished results) . Simply opening Cl channels would be expected to depolarize the follicle because the chloride equilibrium potential (E a ) calculated from ion-selective microelectrode measurements, averaged -2 2 mV in a set of vitellogenic follicles in which Aâ veraged -35 mV (Woodruff et al, 1992) . Together, these results imply that some additional membrane change must hyperpolarize follicle membranes, overcoming the depolarizing effects of Cl~ exit as it does so. ?. This hyperpolarization and all subsequent steps are blocked by the V-ATPase inhibitor, bafilomycin. The negative voltage is thought to drive K + uptake by the cells and intracellular K + activity increases. The neutralizing ion for the K + evidently is not Cl", because its electrochemical gradient would drive this anion out of the cells, and might be HCO 3 ". The hypertonicity of the cells allows water to enter osmotically which accounts for the cellular swelling that blocks further protein uptake.
The measured voltage, A^, across the vitellogenic follicle is known to result from a passive component of ca. -20 mV, in combination with a metabolic energy-dependent component that can be eliminated by incubation in azide (Woodruff et al., 1992) . This metabolic component can also be completely inhibited by nanomolar concentrations of bafilomycin, a remarkably specific inhibitor of H + V-ATPases (Bowman et al, 1988) . Hyperpolarization was also inhibited by bafilomycin (Y. Wang and W. H. Telfer, unpublished results) . Like several other lepidopteran tissues, A^ is insensitive to ouabain (R. I. Woodruff, unpublished results). These results support the hypothesis that the response to cAMP includes increased proton pumping by the H + V-ATPase. Observations on the ovarian follicles of two other insects greatly strengthen this hypothesis. In M. sexta, staining with monoclonal antibodies localized an epitope of the putative 20 kDa subunit of V-ATPase at the surface of the oocyte and at the outer or basal surface of the follicle cells (Janssen et al, 1995) . In view of electrical coupling between the oocyte and follicle cells at this developmental stage, either location or both of them would explain the metabolic energy-dependent component of A 1^ in Hyalophora, and its hyperpolarization in response to cAMP. Studies on Rhodnius have taken an understanding of proton pumping in vitellogenic follicles a step further (O'Donnell and Sharda, 1994) . As in Hyalophora follicles, A 1^ of Rhodnius follicles is due in part to electrogenic pumps. Unlike Hyalophora, part of the metabolism-dependent component of &W is attributable to a NaV K + P-ATPase. But a ouabain-insensitive component was also identified, and was found to be involved with cytoplasmic pH regulation. The authors proposed that an outwardly directed proton pump contributes to both pH control and A\P\ It will be important to learn whether the similarities between these hemipteran and lepidopteran follicles extend more widely to other insects. Indeed, an earlier paper suggests that an electogenic proton pump is involved in pH regulation in developing locust eggs as well (Hawkins and O'Donnell, 1992) .
Returning to the question of how the ion physiology of the vitellogenic oocyte is modified to bring about osmotic swellinghyperpolarization should, in principle, drive K + into the cytoplasm and this cation, along with its unidentified, electroneutalizing anion, would in turn generate the osmotic pressure that could result in water uptake and swelling. Increased H + V-ATPase activity provides a plausible explanation for the hyperpolarization. The inhibitory effects of 9-AC indicate that increased Cl~ conductance is required for hyperpolarization and all subsequent steps in swelling, although the basis of this interaction is not yet clear.
The ovarian follicle literature supports the hypothesis, mentioned above, that H + V-ATPases may cycle between plasma membranes and endomembranes. In the early development of Hyalophora follicles, proton extrusion, electrogenic pumping, and endocytosis begin more-or-less simultaneously (Woodruff and Telfer, 1990) . During the succeeding several days, endocytosis is so rapid that complete membrane recycling is required each minute (Telfer et al., 1982) . Two possibilities could account for the disposition of a plasma membrane H + V-ATPase during this turmoil. Either it is localized in mosaic patches of membrane that are protected from internalization during endocytosis, or it is more generally distributed and consequently endocytosed along with vitellogenin/receptor complexes to become a component of endosomal membranes. In the latter case the V-ATPase could serve its conventional function, acidifying the endosomes as part of the modifications required for the transfer of vitellogenins to the yolk bodies (Stynen et al., 1988) .
Early electron microscopy of vitellogenesis in many species of insects portrayed the oocyte cortex as a site of membrane recycling between cell surface and endosomes (review, Telfer et al., 1982) and this concept has received support more recently (Raikhel and Dhadialla, 1992) . The question with regard to H + V-ATPase activity, therefore, is whether the same enzymes are shuttled back and forth, acidifying endosomes for awhile, and then returning to pump protons outwardly across the plasma membrane. Such a cycling of H + V-ATPase-bearing membranes between cytoplasmic vesicles and apical plasma membranes is well documented in intercalated cells of kidney and other cells discussed above (see Harvey and Wieczorek, 1997) .
SUMMARY AND PERSPECTIVE
The novel hypothesis that H + V-ATPases may energize many apical plasma membranes complements the classical dogma that Na + /K + P-ATPases energize basolateral plasma membranes and opens new vistas for transport physiology. For example, the expanded paradigm suggests that, like frogs, other organisms may use an apical H + V-ATPase to energize Na + uptake from fresh water and that, in general, apical surfaces of epithelia that face adverse and changing environments may use this enzyme. Indeed, the list of plasma membranes that are energized by H + V-ATPases grows continually and already includes representatives from virtually all major phyla . Particularly important may be the midgut of larval mosquitoes. The high alkalinity of the midgut contents is maintained by an electrogenic process with characteristics similar to those which maintain the alkalinity of the caterpillar midgut (Dadd, 1976) . The unusual alkalinity may provide a basis for diseasevector mosquito control just as it has for crop-destroying caterpillar control. But the significance of H + V-ATPases in apical membranes is far broader than medicine and agriculture. To expand upon the ancient dictum of Claude Bernard-overcoming the inconstancy of the external environment is a condition for the free life. The apical membranes of epithelial cells often face inconstant environments and the H + V-ATPase is their primary tool in overcoming the inconstancy.
